■ INTRODUCTION
Furan and alkylfurans are emitted directly into the atmosphere as well as being formed in situ from atmospheric degradation of certain other volatile organic compounds. 1−3 Furan and alkylfurans are transformed further in the atmosphere by reactions with OH radicals, NO 3 radicals, O 3 and Cl atoms, 4 and the products of their OH radical-initiated reactions include unsaturated 1,4-dicarbonyls. 5−8 These reactions may therefore be useful as potentially clean in situ laboratory sources of unsaturated 1,4-dicarbonyls, which are otherwise not readily available. 6, 7 In this work, we have extended our previous measurements of the rate constants for the reactions of OH radicals with 2-and 3-methylfuran and 2,3-and 2,5dimethylfuran and of the formation yield of 3-hexene-2,5dione from OH + 2,5-dimethylfuran 7 to investigate the products formed from OH + furan, 2-and 3-methylfuran and 2,3-dimethylfuran in the presence of NO. Additional product analyses are presented for OH + 2,5-dimethylfuran for comparison with the furan, 2-and 3-methylfuran and 2,3dimethylfuran reactions. The loss processes of the unsaturated 1,4-dicarbonyls, which are also products of OH + aromatic hydrocarbon reactions, 9−14 were also explored.
■ EXPERIMENTAL METHODS
Experiments were carried out at 296 ± 2 K and ∼735 Torr pressure of dry purified air in ∼7000 L Teflon chambers, each equipped with two parallel banks of black lamps for irradiation at >300 nm and with a Teflon-coated fan to ensure rapid mixing during the introduction of chemicals into the chamber. OH radicals were generated by the photolysis of methyl nitrite (CH 3 ONO), and NO was also included in the reactant mixtures to suppress the formation of O 3 and hence of NO 3 radicals. Unless noted otherwise, all irradiations were carried out at a light intensity corresponding to an NO 2 photolysis rate of 0.14 min −1 .
Analyses by Gas Chromatography. A series of CH 3 ONO−NO−furan−air irradiations were carried out, with initial concentrations (molecules cm −3 ) of CH 3 ONO and NO, ∼1.2 × 10 14 each; furan, (1.91−2.54) × 10 13 ; and 2,5hexanedione (used as an internal standard; see below), (6.10− 8.50) × 10 12 . Each experiment involved a single irradiation of duration 1.5−8 min, resulting in 35−64% consumption of the initially present furan. Three preliminary experiments with 2,3dimethylfuran were carried out with similar initial CH 3 ONO, NO and 2,3-dimethylfuran concentrations, with the 2,5hexanedione internal standard being present initially in one experiment (2.27 × 10 12 molecules cm −3 ) and being added after the irradiation in the other two (2.30 × 10 12 and 8.99 × 10 12 molecules cm −3 ). In these three experiments, the mixtures were irradiated for 3−4 min, with 49−61% consumption of 2,3dimethylfuran.
The concentrations of the furans and 2,5-hexanedione (and 3-hexene-2,5-dione in the OH + 2,5-dimethylfuran reaction) were measured before and after the irradiation by gas for the formation of protonated molecules ([M+H] + ), water adduct ions [M+H+H 2 O] + , and protonated homo-and heterodimers, 7, 17 while in negative ion mode O 2 − , NO 2 − and NO 3 − ions were responsible for formation of adduct ions. 17 The initial concentrations and experimental conditions were similar to those of the product studies, except that 2,5hexanedione was not present.
Chemicals. The chemicals used, and their stated purities, were 2,3-dimethylfuran (99%), 2,5-dimethylfuran (99%), furan (99+%), 2,5-hexanedione (98+%), 3-methyl-2-butenal (97%), 2-methylfuran (99%), O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride (>98%), 1,2,3-trimethylbenzene (90%), o-xylene (97%), and p-xylene (99+%), Aldrich; E-3hexene-2,5-dione (GC−MS analyses of its dioximes in samples collected from the chamber onto a PFBHA-coated denuder showed no detectable Z-isomer), Hestia Laboratories Inc.; furan-d 4 , (98 atom % D), Isotec; 3-methylfuran (98%), Arcos Organic; 5-hydroxy-2-pentanone (≥96%), TCI America; and NO (≥99.0%), Matheson Gas Products. Methyl nitrite was prepared as described by Taylor et al. 18 and stored at 77 K under vacuum.
■ RESULTS AND DISCUSSION
Our recent product study of the OH + 2,5-dimethylfuran reaction 7 showed the formation of the unsaturated 1,4dicarbonyl 3-hexene-2,5-dione (mw 112) plus additional products of mw 114 and mw 128 in both the presence and absence of NO x , with the 3-hexene-2,5-dione yield being higher in the absence of NO x (34 ± 3%) than in the presence of NO x (24 ± 3%, independent of initial NO concentration over the range (2.4−24) × 10 13 molecules cm −3 ). 7 The formation of 1,4butenedial from OH + furan, 5,6 4-oxo-2-pentenal from OH + 2methylfuran, 5,6 2-methyl-1,4-butenedial from OH + 3-methylfuran, 6 and 3-hexene-2,5-dione from OH + 2,5-dimethylfuran 7 implies that these unsaturated 1,4-dicarbonyls are formed after initial OH addition at the 2-or 5-positions (pathway A in Scheme 1). 5−7 However, the formation of additional products from OH + 2,5-dimethylfuran and the effect of NO x on the 3hexene-2,5-dione yield showed that additional reaction pathways are operative, 7 and these are denoted as pathways B, C and D in Scheme 1. Table 1 lists the molecular weights of the potential products formed from these four pathways, noting that for OH radical addition at the 2-or 5-positions, different molecular weight products are formed from 2-methylfuran and 2,3-dimethylfuran through pathways B and C depending on whether the initial OH radical addition is at the 2-or 5position. OH radical addition at the 3-or 4-positions would lead to the same carbonyl-ester products as formed after addition at the 2-or 5-positions, respectively, via pathway D (see Supporting Information to ref 7) .
Analysis by API-MS. In positive ion mode prior to reaction, ion peaks due to the furans were observed at M + , [M+H] + and [M+NO] + . Additional ion peaks were observed after reaction, and API-MS spectra from the reactions of furan, 2-and 3methylfuran and 2,3-dimethylfuran during the initial stages of the reactions are shown in Figure 1 . An analogous API-MS spectrum from the 2,5-dimethylfuran reaction was presented in Aschmann et al. 7 The assignments of these ion peaks, based on API-MS/MS spectra, are noted in the caption to Figure 1 and the molecular weights of the products observed, and whether they were observed in negative ion mode as well as in positive ion mode, are listed in Table 1 . An example of the negative ion mode API-MS spectra obtained is shown in Figure 2 for the OH + 2-methylfuran reaction, and the ion peak assignments are given in the caption to Figure 2 . The API-MS negative ion mode spectra for furan, furan-d 4 , 3-methylfuran, and 2,3-and 2,5-dimethylfuran were analogous, with the ion peaks being assigned to either one (furan, furan-d 4 , 3-methylfuran, and 2,5dimethylfuran) or two (2-methylfuran and 2,3-dimethylfuran) product masses ( Table 1) .
All of the furans studied here show the presence of product masses consistent with those expected from pathway A and pathways B and/or C in Scheme 1, noting that pathways B and C lead to the same product masses. Pathway D can only be discriminated from pathways B and C for the furan-d 4 and 2,5dimethylfuran reactions ( Table 1 ). The API-MS spectra showed evidence for the occurrence of pathway D in the OH + 2,5-dimethylfuran reaction (ref 7 and Table 1 ), but not in the OH + furan-d 4 reaction. The products attributed to formation via pathways B and/or C were observed in both positive and negative ion modes, whereas those from pathways A and D were observed mainly in positive ion mode (see footnotes to Table 1 ). Analyses by GC−MS. GC−MS analyses of extracts of samples collected using PFBHA-coated denuders showed the presence of the expected unsaturated 1,4-dicarbonyls (pathway A in Scheme 1, and Table 1 ). A PCI GC−MS total ion chromatogram (TIC) is shown in Figure 3 for the furan reaction, and Figures S1−S4 in the Supporting Information show the PCI GC−MS TICs for 2-and 3-methylfuran and 2,3and 2,5-dimethylfuran. Most experiments were carried out with the internal standard 2,5-hexanedione present in the initial reactant mixtures (i.e., before reaction). The rate constant for the reaction of OH radicals with 2,5-hexanedione has been measured to be (7.13 ± 0.34) × 10 −12 cm 3 molecule −1 s −1 at 298 K, 19 and hence 2,5-hexanedione is less reactive toward OH radicals than the furans studied here, by factors of 6−18. 4, 7 Based on the measured concentrations of 2,5-hexanedione before and after reaction, the percentages of 2,5-hexanedione, which were consumed by reaction were 11−17% in the furan reactions and ≤6% in the 2-and 3-methylfuran and 2,3-and 2,5-dimethylfuran reactions, consistent with expectations based on the relative reactivities of 2,5-hexanedione and the furans and the fractions of the furans reacted. The unsaturated 1,4dicarbonyls and glyoxal, methylglyoxal, 2,3-butanedione and 3- CHO] were identified by matching GC retention times and mass spectra of their oximes with those generated in situ from OH radical-initiated reactions of oxylene, p-xylene, 1,2,3-trimethylbenzene, and 5-hydroxy-2pentanone, which form these compounds. 13, 20, 21 A major expected product of OH + 2,5-hexanedione is 3-oxobutanal, and this mw 86 dicarbonyl was observed in all PCI GC−MS analyses when 2,5-hexanedione was present prior to reaction (and in much lesser amounts when 2,5-hexanedione was not present prior to reaction, presumably due to carry-over from previous experiments).
The products observed from the OH + furan reactions by GC−MS were then as follows: , glyoxal, methylglyoxal, and mw 114 carbonyl. Based on the PCI GC−MS TICs, glyoxal, methylglyoxal and 2,3-butanedione formation was minor in all cases, and could have arisen as second-generation products. 5 Bierbach et al. 5 also observed the formation of glyoxal from OH + furan (with a formation yield of 8.2% in the initial stages of reaction, decreasing to 4.4% at higher extents of reaction), and of glyoxal and methylglyoxal from OH + 2methylfuran (with formation yields of 1.5−4.8% and 1.6−2.3%, respectively, both increasing with the extent of reaction), both reactions being studied in the absence of NO x .
The dioxime profiles from the GC−MS analyses can be compared to those for the reactions of OH radicals with aromatic hydrocarbons, 7, 13, 20 where the unsaturated 1,4dicarbonyls are assumed to be formed in the Z-configuration based on the observation that 3-hexene-2,5-dione is formed from OH + p-xylene and 1,2,4-trimethylbenzene in the Zconfiguration, 7, 11 recognizing that Z-/E-photoisomerization occurs and that short irradiation times are hence necessary to maintain the initial Z-/E-distribution. For dicarbonyls not containing a CC bond, there are up to four dioximes, depending on symmetry, these being syn,syn; syn,anti; anti,syn and anti,anti. For the unsaturated 1,4-dicarbonyls that exist as Z-and E-isomers, there are up to eight dioximes, with six for those with a center of symmetry such as 1,4-butenedial and 3hexene-2,5-dione, noting that because of coelution and/or dominance of certain configurations, not all possible dioximes may be observed. 13 Figures 4 and 5 compare the dioxime profiles from the furan reactions with those from OH + aromatic experiments conducted at low extents of reaction. Assuming that the unsaturated 1,4-dicarbonyls formed from the OH + aromatic reactions are totally or almost totally in the Z-form (recognizing that some Z-/E-photoisomerization will occur, even for short irradiation times), it is obvious that 1,4-butenedial from the OH + furan reaction is formed dominantly as the E-isomer ( Figure  4 , traces 1A and 1B), 4-oxo-2-pentenal from OH + 2methylfuran is mainly in the E-form (Figure 4 , traces 2A and 2B), and 2-methyl-1,4-butenedial from OH + 3-methylfuran is formed in a Z-/E-mixture ( Figure 5 , traces 1A and 1B). 3-Methyl-4-oxo-2-pentenal from OH + 2,3-dimethylfuran also appears to be formed in a Z-/E-mixture ( Figure 5 , traces 2A and 2B), although this interpretation is less straightforward than for the furan and 2-and 3-methylfuran reactions. We previously found, 7 from GC−FID measurements of underivatized 3-hexene-2,5-dione, that in the presence of NO the OH + 2,5-dimethylfuran reaction forms 3-hexene-2,5-dione in the ratio 69 ± 4% Z/31 ± 4% E. In the presence of NO, there appears to be a gradual change from dominantly E-isomer formation of 1,4-butenedial from OH + furan to mainly Zisomer formation of 3-hexene-2,5-dione from OH + 2,5dimethylfuran. Our observation of mainly E unsaturated 1,4dicarbonyl formation from OH + furan and 2-methylfuran is in agreement with the previous in situ Fourier transform infrared (FT-IR) spectral data of Bierbach et al. 5 for OH + furan and 2methylfuran and the solid phase microextraction (SPME) fiber analyses of Goḿez Alvarez et al. 6 for OH + furan.
Quantification of the Unsaturated 1,4-Dicarbonyls. Concentrations Measured from Denuder Samples with Internal Standards. Since unsaturated 1,4-dicarbonyls, other than diketones like 3-hexene-2,5-dione 7,11 and 3-methyl-3hexene-2,5-dione, 14 do not appear to elute from GC columns without prior derivatization, the unsaturated 1,4-dicarbonyls were quantified as their dioximes. For the 3-methylfuran and 2,3-dimethylfuran reactions, minor amounts of mono-oximes were also observed and quantified. 2,5-Hexanedione was used as an internal standard, with its concentration in the chamber being measured by GC−FID analyses of samples collected onto Tenax solid adsorbent (without derivatization) and with it being observed in the PFBHA-coated denuder samples as its dioximes (no mono-oximes of 2,5-hexanedione were observed). Hence by ratioing the GC−FID peaks areas of the oximes of the unsaturated 1,4-dicarbonyls to those of 2,5-hexanedione and taking into account the differing FID responses of the oximes of the unsaturated 1,4-dicarbonyls and of 2,5hexanedione (using the Effective Carbon Numbers (ECNs) of Scanlon and Willis 22 and Nishino et al. 23 ), the concentrations of the unsaturated dicarbonyls in the chamber could be derived.
As a check on this approach, the glyoxal formation yield from OH + 3-methyl-2-butenal was measured using this procedure. After correcting for the GC−FID responses of the dioximes of 2,5-hexanedione and glyoxal using their calculated ECNs, 22, 23 and for reaction of glyoxal with OH radicals, 16 the glyoxal formation yield was determined to be 40 ± 5%, where the indicated error is two standard deviations of the four replicate analyses of the extract combined with estimated uncertainties in the GC−FID response factors for 3-methyl-2-butenal and 2,5hexanedione of ±5% each. This formation yield is in excellent agreement with that of 40 ± 3% measured by Tuazon et al. 16 using in situ FT-IR spectroscopy, indicating that the collection and derivatization efficiencies of 2,5-hexanedione and glyoxal were essentially identical and that the use of the calculated ECNs was appropriate.
The before and after reaction concentrations of the furans and the after reaction concentrations of the unsaturated 1,4dicarbonyls are listed in Table S1 (Supporting Information) (in parts-per-billion (ppbV) mixing ratio; 1 ppbV = 2.40 × 10 10 molecules cm −3 for the temperature and total pressure conditions of this study). As evident from Table S1 , up to five replicate postreaction GC−FID analyses of the extract of the PFBHA-coated denuder sample were conducted, with excellent reproducibility relative to the internal standard.
Corrections for Losses of Unsaturated 1,4-Dicarbonyls. The unsaturated 1,4-dicarbonyls also react with OH radicals and undergo photolysis, and these unsaturated dicarbonyl loss processes need to be taken into account in order to obtain their formation yields. For a given furan, the OH radical concentrations averaged over the irradiation period were independent of the irradiation time, with ≤13% change in the OH radical concentration for a factor of 2 change in the irradiation time (see the denuder samples in Table S2 (Supporting Information), for which the irradiation times were varied for identical initial CH 3 ONO and NO concentrations). Hence the OH radical concentrations could be taken to be constant during an individual experiment, and corrections for secondary reactions were carried out as described previously, 24 
, and with the correction factors depending on the ratio k 2 /k 1 and the extent of reaction. 24 Rate constants for the OH radical reactions of the Z and E unsaturated 1,4-dicarbonyls and their rates of photolysis by blacklamps are, however, not well-known. Rate constants have been measured for the reactions of OH radicals with 1,4butenedial, 4-oxopentenal and 3-hexene-2,5-dione, with room temperature rate constants of (in units of 10 −11 cm 3 molecule −1 s −1 ): Z-1,4-butenedial, 5.29 ± 0.11; 25,26 E-1,4-butenedial, 3.45 ± 0.34; 27 Z-/E-mixture of 4-oxo-2-pentenal, 5.67 ± 0.22; 25,26 Z-3-hexene-2,5-dione, 5.90 ± 0.57; 7 and E-3-hexene-2,5-dione, 4.14 ± 0.02. 7 We obtained additional information concerning the rate ratios k 2 /k 1 pertinent to our experiments by analyzing the time−concentration behavior of the unsaturated 1,4-dicarbonyls during OH radical-initiated reactions of the furans. This included additional experiments comprising continuous irradiations of CH 3 ONO−NO−furan−air mixtures with analysis of the unsaturated 1,4-dicarbonyls every ∼3 min by API-MS. These data are presented and discussed in the Supporting Information, with Table S2 including data from the experiments with denuder sampling as well as from the additional experiments with API-MS analyses. On the basis of the available literature data concerning photolysis and reaction with OH radicals, and consistent with the values of k 2 /k 1 obtained for unsaturated 1,4-dicarbonyl formation from our OH + furan reactions (see Supporting Information), we used rate constants for the OH radical reactions of (in units of 10 −11 cm 3 molecule −1 s −1 ) of: E-1,4-butenedial, 3.45; 27 4-oxo-2-pentenal, 5.67; 25,26 2-methyl-1,4-butenedial and 3-methyl-4-oxo-2-pentenal, 6.0 each (estimated); and 3-hexene-2,5-dione, 5.35 (applicable for a 69% Z-/31% E-mixture 7 ). A photolysis rate of J(unsaturated 1,4-dicarbonyl)/J(NO 2 ) = 0.14 was used for 25 for Z-and E-1,4-butenedial and a Z-/E-mixture of 4-oxo-2pentenal and of Thuner et al. 28 for E-1,4-butenedial and Z-4oxo-2-pentenal. For our experimental conditions, photolysis was a minor fraction (14−22%) of the OH radical reaction rate for 1,4-butenedial, 4-oxo-2-pentenal, and 2-methyl-1,4-butenedial formed in the furan and 2-and 3-methylfuran reactions. Photolysis (other than photoisomerization) of 3-hexene-2,5dione by black lamps is not important 7, 11 and this was also assumed to be the case for 3-methyl-4-oxo-2-pentenal.
The use of these photolysis rates and OH radical reaction rate constants for the unsaturated 1,4-dicarbonyls, combined with OH radical reaction rate constants for the furans, 7 resulted in ratios k 2 /k 1 of 1.02−1.04 for formation of 1,4-butenedial (predominantly the E-isomer) from OH + furan, 0.899−0.914 for formation of 4-oxo-2-pentenal from OH + 2-methylfuran, 0.783−0.792 for formation of 2-methyl-1,4-butenedial from OH + 3-methylfuran, 0.476 for formation of 3-methyl-4-oxo-2pentenal from OH + 2,3-dimethylfuran, and 0.428 for formation of 3-hexene-2,5-dione from OH + 2,5-dimethylfuran, where the ranges for the furan and 2-and 3-methylfuran reactions are due to the varying importance of photolysis versus OH radical reaction of the unsaturated 1,4-dicarbonyl formed in the individual denuder experiments (Table S2 , Supporting Information). The use of these k 2 /k 1 ratios to correct for secondary reactions resulted in unsaturated 1,4-dicarbonyl formation yields which showed no obvious trend with extent of reaction, and therefore indicating that these values of k 2 /k 1 were reasonable (see also Figures S5−S8 and the associated text in the Supporting Information). The resulting unsaturated 1,4-dicarbonyl formation yields are listed in Table 2 . Note that in the single OH + 2,5-dimethylfuran experiment, 3-hexene-2,5dione was also quantified from GC−FID analyses of samples collected onto Tenax solid adsorbent, with agreement to within 20% between analyses of 3-hexene-2,5-dione analyses from Tenax samples (without derivatization) and as its dioximes from extracts of PFBHA-coated denuder samples ( Table 2) .
The multiplicative correction factors 24 to account for losses of the unsaturated 1,4-dicarbonyls were 1.28−1.63 for 1,4-butenedial formation from OH + furan, 1.25−1.40 for 4-oxo-2pentenal formation from OH + 2-methylfuran, 1.27−1.43 for 2methyl-1,4-butenedial formation from OH + 3-methylfuran, 1.23−1.32 for 3-methyl-4-oxo-2-pentenal formation from OH + 2,3-dimethylfuran, and 1.10 for 3-hexene-2,5-dione formation from the single OH + 2,5-dimethylfuran reaction. While there are significant uncertainties in the k 2 /k 1 ratios, especially for the formation of 4-oxo-2-pentenal from OH + 2-methylfuran, 2methyl-1,4-butenedial from OH + 3-methylfuran, and 3methyl-4-oxo-2-pentenal from OH + 2,3-dimethylfuran, only for formation of 1,4-butenedial from OH + furan would significant uncertainties in k 2 /k 1 translate into significant uncertainties in the multiplicative correction factors (a ± 25% uncertainty in k 2 /k 1 would result in uncertainties in the multiplicative correction factors of <10% for all but 1,4butenedial from OH + furan). During the experiments, the denuder samples were collected over a period of 1.5 h, and the consistency of the k 2 /k 1 ratios that fit the experimental data with measured 25−27 or estimated rate constants for the reactions of OH radicals with unsaturated 1,4-dicarbonyls indicates that their loss rates during our experiments were controlled mainly by reaction with OH radicals, and that losses to the chamber walls were minor and that photolysis was consistent with the literature data and of relatively minor importance. That wall losses were minor was confirmed by the preliminary experiments with 2,3-dimethylfuran, with yields obtained in experiments where PFBHA-coated denuder sampling was conducted 45 and 156 min after the irradiation period, being in good agreement with those where sampling was initiated immediately after the irradiation period (Table S1 , Supporting Information), and by the additional experiments with in situ analyses of the unsaturated 1,4-dicarbonyls by API-MS (see, for example, Figures S9 and S10 , Supporting Information).
Comparison with Literature Data. Previous literature unsaturated 1,4-dicarbonyl formation yields are listed in Table  2 . Bierbach et al. 5 used in situ FT-IR spectroscopy to investigate the reactions of OH radicals with furan and 2-methylfuran in the absence of NO x . The major products observed were 1,4butenedial from furan and 4-oxo-2-pentenal from 2-methylfur- an. Because of a lack of authentic standards, the absorption cross-section of the ∼1720 cm −1 CO stretch in 3-hexene-2,5dione measured by Tuazon et al. 29 was used for quantification of 1,4-butenedial and 4-oxo-2-pentenal. Goḿez Alvarez et al. 6 used SPME with on-fiber derivatization and GC−FID to quantify the unsaturated 1,4-dicarbonyls as their oximes from the furan and 2-and 3-methylfuran reactions, with calibration of E-1,4-butenedial by use of a synthesized standard. The SPME GC−FID response factor for E-1,4-butenedial was used for the quantification of Z-1,4-butenedial and the Z-and Eisomers of 4-oxo-2-pentenal and 2-methyl-1,4-butenedial. Tapia et al. 8 observed the formation of acetic acid, 3furaldehyde (3-furancarboxaldehyde), 2-methyl-1,4-butenedial, 3-methyl-2,5-furandione, 3-methyl-2(3H)-furanone and 2-hydroxy-3-methyl-5-(2H)-furanone from the OH radical-initiated reaction of 3-methylfuran in the presence of NO, using photolysis of CH 3 ONO at 254 and 360 nm in a 150 L Tefloncoated chamber with samples being collected onto SPME fibers without derivatization and with GC−MS analyses. The reported molar yields, uncorrected for secondary reactions, were 3.9 ± 1.8% for 3-furaldehyde, 1.4 ± 0.3% for 2-methyl-1,4butenedial, 18.1 ± 4.6% for 3-methyl-2,5-furandione, and 1.6 ± 0.2% for 3-methyl-2(3H)-furanone. 8 While the much lower yield of 2-methyl-1,4-butenedial reported by Tapia et al., 8 using SPME without derivatization, than measured by Goḿez Alvarez et al., 6 using SPME fibers with on-fiber derivatization, was ascribed to potentially fast secondary loss processes, 8 we have not been able to quantitatively analyze unsaturated 1,4dicarbonyls by gas chromatography without prior derivatization, presumably due to adsorption and/or polymerization on the sampling and/or chromatographic column surfaces. Hence it is likely that the very low yield of 2-methyl-1,4-butenedial in the Tapia et al. 8 study was due to analytical problems.
Apart from the quantification of E-1,4-butenedial from OH + furan by Goḿez Alvarez et al., 6 the other literature yield measurements 5, 6, 8 are subject to analytical uncertainties 8 or uncertainties in the FT-IR absorption cross sections 5 or in the SPME GC−FID response factors, 6 which include the on-fiber collection and derivatization efficiency which can vary significantly. 30 Our 1,4-butenedial yield from OH + furan in the presence of NO agrees well with those of Bierbach et al. 5 (in the absence of NO) and Goḿez Alvarez et al. 6 All three studies show that formation of 1,4-butenedial dominates, and that 1,4-butenedial is formed primarily in the E-configuration, with Goḿez Alvarez et al. 6 finding a 76% E-/24% Z-isomer distribution. For OH + 2-methylfuran and OH + 3methylfuran, our measured 4-oxo-2-pentenal and 2-methyl-1,4-butenedial formation yields are lower by a factor of ∼2 than those reported by Bierbach et al. 5 for OH + 2-methylfuran (in the absence of NO) and Goḿez Alvarez et al. 6 for 2-and 3methylfuran (in the presence of NO). While the previous studies did not differentiate the Z-/E-isomer composition of the unsaturated 1,4-dicarbonyls formed in the 2-and 3-methylfuran reactions, we find that 4-oxo-2-pentenal formed from 2methylfuran is primarily in the E-configuration, while 2methyl-1,4-butenedial from 3-methylfuran is a Z-/E-mixture.
It is apparent from Table 2 that our unsaturated 1,4dicarbonyl formation yields decrease markedly from 75 ± 5% for the furan reaction to 8 ± 2% for the 2,3-dimethylfuran reaction and, as noted above and in Table 2 , our 4-oxo-2pentenal and 2-methyl-1,4-butenedial yields from 2-and 3methylfuran, respectively, are a factor of ∼2 lower than those of Bierbach et al. 5 and Goḿez Alvarez et al. 6 The present study and that of Goḿez Alvarez et al. 6 were carried out in the presence of NO, while that of Bierbach et al. 5 was in the absence of NO. Note that pathway (B) in Scheme 1 as written would only occur in the presence of NO, and hence a higher yield of unsaturated 1,4-dicarbonyl would be expected in the absence of NO then in the presence of NO, as we observed for 3-hexene-2,5-dione formation from OH + 2,5-dimethylfuran, 7 with 3-hexene-2,5-dione yields of 34 ± 3% in the absence of NO and 24 ± 3% in the presence of NO. Hence the unsaturated 1,4-dicarbonyl yields from the OH + furan, 2-and 3-methylfuran and 2,3-dimethylfuran reactions in the absence of NO are also likely to be higher than those measured in the presence of NO.
The unsaturated 1,4-dicarbonyl formation yields measured in this study could be low because of (a) less than 100% collection and derivatization efficiency for the C 5 and C 6 unsaturated 1,4dicarbonyls, (b) rapid losses of the unsaturated 1,4-dicarbonyls to the chamber walls or to aerosol (noting that Goḿez Alvarez et al. 6 measured aerosol yields from 2-and 3-methylfuran of <6%), (c) rapid photolysis of the unsaturated 1,4-dicarbonyls, or (d) partitioning of the unsaturated 1,4-dicarbonyls to the chamber walls with an equilibrium being attained. Our discussion above showing no evidence for significant wall losses of 3-methyl-4-oxo-2-pentenal from experiments in which sampling was initiated up to 156 min after the irradiation period compared to sampling immediately after the irradiation period argues against possibility (b). The fact that the variation of measured unsaturated 1,4-dicarbonyl concentration with extent of reaction ( Figures S5−S8 , Supporting Information) shows no evidence for unsaturated 1,4-dicarbonyl loss rates greater than expected from OH radical reaction plus a small contribution from photolysis argues against possibilities (b) and (c). For a given carbon number, aldehydes derivatize more easily than ketones, 15, 30 and hence 3-hexene-2,5-dione would be expected to be the slowest to derivatize. However, the 3hexene-2,5-dione formation yield from the OH + 2,5dimethylfuran reaction as measured using the PFBHA-coated denuder procedure is in good agreement with the yield we previously measured 7 from samples collected onto Tenax solid adsorbent with subsequent thermal desorption and GC−FID analysis (without derivatization). We have also shown that the collection and derivatization efficiencies of 2,5-hexanedione, 5methyl-2-hexanone, 2-octanone, and 2-decanone on PFBHAcoated denuders are equal to within 10%. 21 This argues against possibility (a), although mono-oximes were observed for 2methyl-1,4-butenedial from 3-methylfuran and for 3-methyl-4oxo-2-pentenal from 2,3-dimethylfuran, with the dioximes accounting for ≥94% of the total oximes for 2-methyl-1,4butenedial from 3-methylfuran and for ≥75% of the total oximes for 3-methyl-4-oxo-2-pentenal from 2,3-dimethylfuran (but only 44−63% of the total oximes in the three preliminary experiments which, however, gave results in good agreement with the subsequent four experiments (see Table S1 , Supporting Information)).
Finally, to investigate the possibility of significant equilibrium partitioning to the chamber walls, two experiments were carried out for OH + 2,3-dimethylfuran, with 2,5-hexanedione present, in which PFBHA-coated denuder samples were collected immediately after a single irradiation period and after the chamber was emptied and backfilled with dry purified air (a total period of 2.15−2.55 h elapsing between the two denuder samples). The chamber contents were diluted by factors of 4. oxo-2-pentenal had partitioned mainly to the chamber walls with an equilibrium being set up between gas-and wall-phase, then the (3-methyl-4-oxo-2-pentenal dioximes/2,5-hexanedione dioximes) ratio would increase from the first denuder sample to the second denuder sample in the two experiments by factors of up to 4 and 14, respectively, assuming that no such partitioning of 2,5-hexanedione occurs. The (3-methyl-4-oxo-2-pentenal dioximes/2,5-hexanedione dioximes) ratio after the dilution and backfilling compared to that directly after the irradiation was 1.5 in the first experiment (versus up to 4.2 expected) and 0.6 in the second experiment (versus up to 14 expected). While the GC−FID signals after the chamber was emptied and backfilled were low, these two experiments show no clear evidence for significant off-gassing of 3-methyl-4-oxo-2pentenal from the chamber walls, and hence argue against possibility (d).
Unsaturated 1,4-dicarbonyls, and 1,2-dicarbonyls, are also formed from the OH radical-initiated reactions of monocyclic aromatic hydrocarbons. 9−14,23,26,31−33 Glyoxal, methylglyoxal and 2,3-butanedione formation yields from the toluene, o-, mand p-xylene, and 1,2,3-, 1,2,4-and 1,3,5-trimethylbenzene reactions have been obtained at low NO 2 concentrations by Atkinson and Aschmann, 33 Bethel et al. 11 and Nishino et al. 23 The 3-hexene-2,5-dione formation yields of Bethel et al. 11 from the OH + p-xylene and OH + 1,2,4-trimethylbenzene reactions are identical, within the experimental uncertainties, with the coproduct glyoxal 23, 32 and methylglyoxal 23 formation yields, respectively. As discussed and presented in the Supporting Information, using the same analytical procedures as employed here, the measured formation yields of 1,4-butenedial 13 are similar to those of its assumed coproducts 23, 33 from the OH + toluene and OH + o-xylene reactions (Tables S3 and S4 and Figure S12 , Supporting Information). However, the formation yields of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial, and 3methyl-4-oxo-2-pentenal are significantly lower than those of their assumed coproducts (Tables S3 and S4 and Figure S12 , Supporting Information). 13 These observations suggest that, for whatever reason (but not including more rapid losses from the gas-phase than anticipated), the amounts of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial and 3-methyl-4-oxo-2-pentenal produced in the OH radical-initiated reactions of methylsubstituted benzenes are not quantitatively observed. The OH + aromatics data suggest that our measured formation yields of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial, and 3methyl-4-oxo-2-pentenal from 2-methylfuran, 3-methylfuran and 2,3-dimethylfuran could be low. One possibility not considered above is that some or most of the unsaturated 1,4dialdehydes (other than 1,4-butenedial) and unsaturated 1,4keto-aldehydes (which do not appear to elute from GC columns without prior derivatization) undergo heterogeneous reactions (possibly oligomer formation) on the denuder and other surfaces (but obviously not rapidly on Teflon film), or are in equilibrium with an isomer which was not observed in our previous study of OH + aromatic reactions nor in the present study. However, it is quite obvious that other products are also formed from the OH + furan reactions; indeed, in the presence of NO the yield of 3-hexene-2,5-dione from OH + 2,5dimethylfuran is only 24 ± 3% ( Table 2 ). 7 While it is possible that our measured formation yields of 4-oxo-2-pentenal from OH + 2-methylfuran, 2-methyl-1,4-butenedial from OH + 3methylfuran, and 3-methyl-4-oxo-2-pentenal from OH + 2,3dimethylfuran are low (and this would be more consistent with unsaturated 1,4-dicarbonyls being coproducts to the observed 1,2-dicarbonyls in OH + aromatic hydrocarbon reactions), we have no evidence of problems which would lead to erroneously low formation yields for these specific unsaturated 1,4dicarbonyls in this study.
Theoretical studies of the reactions of OH radicals with furan, 34 2-methylfuran, 35, 36 and 3-methylfuran 37 all conclude that the dominant pathway at room temperature involves OH radical addition at the 2-or 5-positions, to form RC(O)CR′ CHC • HOH and/or RC • (OH)CR′CHCHO, where R and R′ are H and H for furan, CH 3 and H for 2-methylfuran, and H and CH 3 for 3-methylfuran (i.e., to form the α-hydroxy radical product involved in pathways A and B in Scheme 1). Our experimental data indicate that additional reaction pathways are involved leading to additional products and suggest that these are especially significant for 2,3-and 2,5-dimethylfuran. Very recently, Davis and Sarathy 36 have carried out a computational study of potential reactions occurring subsequent to O 2 reaction with the radicals formed by OH addition to 2methylfuran in the absence of NO.
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* S Supporting Information
Twenty five pages of Supporting Information are available, comprising Tables S1−S4, Figures S1−S12, and discussion of the time−concentration behavior of unsaturated 1,4-dicarbonyls during OH + furan reactions and of formation of unsaturated 1,4-dicarbonyls and 1,2-dicarbonyls from OH + aromatic hydrocarbon reactions. This information is available free of charge via the Internet, at http://pubs.acs.org/. Figure S1 . Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a PFBHA-coated denuder sample collected after 2.5 min irradiation of a CH 3 ONO − NO − 2methylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 41% consumption of the initially present 2-methylfuran. IS = di-oximes of 2,5-hexanedione, the internal standard; peak #1, mono-oxime of molecular weight (mw) 72 dicarbonyl; peak #2, mono-oxime of CH 3 C(O)CH 2 CHO (mw 86) formed from OH + 2,5-hexanedione; peaks #3, from derivatizing agent; peak #4, mono-oxime of mw 100 carbonyl; peaks #5, mono-oximes of mw 114 carbonyl; peaks #6, di-oximes of glyoxal; peak #7, di-oxime of methylglyoxal (mw 72); peaks #8, dioximes of CH 3 C(O)CH 2 CHO formed from OH + 2,5-hexanedione; and mw 98 di-oximes attributed to CH 3 C(O)CH=CHCHO.
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Retention time (min) 15 20 25 30 Signal ( Figure S2 . Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a PFBHA-coated denuder sample collected after 4 min irradiation of a CH 3 ONO − NO − 3methylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 46% consumption of the initially present 3-methylfuran. IS = di-oximes of 2,5-hexanedione, the internal standard; peak #1, ions at m/z 115 and 97 present; peak #2, mono-oxime of CH 3 C(O)CH 2 CHO (mw 86) formed from OH + 2,5-hexanedione; peak #3, from derivatizing agent; peak #4, mono-oxime of mw 98 dicarbonyl; peaks #5, mono-oximes of mw 114 carbonyl; peaks #6, di-oximes of glyoxal; peak #7, di-oxime of methylglyoxal (mw 72); peaks #8, di-oximes of 
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Behavior of Unsaturated 1,4-Dicarbonyls during OH + Furan Reactions
For the reaction sequence, 3, 4 with the values of B (referred to here and in the manuscript as k 2 /k 1 ) being of particular interest in this study.
Two sets of relevant data were obtained (Table S2 ); one set from the denuder analyses, with one data point per experiment at a given extent of reaction and with the duration of the experiments being ∼1.5 hr, and the second set from continuous irradiations of CH 3 ONO − NO − furan − air mixtures with analysis of the unsaturated 1,4-dicarbonyl every ∼3 min by direct air sampling atmospheric pressure ionization mass spectrometry (API-MS). 4 In this second set of experiments, the furan (or alkylfuran) concentrations were measured by GC-FID before and after S9 the irradiations, which were carried out for 21-66 min at a light intensity corresponding to an NO 2 photolysis rate of ∼0.035 min -1 (a factor of 4 lower than used for the experiments with sample collection onto annular denuders).
Figures S5-S8 show plots of Equation (I) for the experiments with GC analyses of
PFBHA-coated denuder samples (i.e., the data presented in Table S1 , with each data point in Table S2 ). Hence the OH radical concentrations could be taken to be constant for the experiments with a given furan in the same Teflon chamber, and for a given furan the relative contributions of photolysis and OH radical reaction were essentially constant for that series of experiments. The data for OH + 2,3-dimethylfuran shown in Figure S8 , for two series of experiments in different Teflon chambers with differing OH radical concentrations, are consistent with our assumption that photolysis of 3-methyl-4-oxo-2pentenal by black lamps was of no importance.
The data from the second set of experiments (those with continuous irradiations and in situ API-MS analyses) are summarized in Table S2 and representative plots of Equation (I) are shown in Figures S9 and S10. In these experiments, with pre-and post-reaction GC-FID analyses of the furan and API-MS analyses of the unsaturated 1,4-dicarbonyl, the OH radical concentrations during the 21-66 min irradiation period were assumed to be constant in order to S10 calculate the extents of reaction, ln([furan] to /[furan] t ). While the OH radical concentrations would very likely decrease during the irradiation periods, the effect should have been small because of the low light intensities employed. If the OH radical concentration in an experiment decreased with irradiation time, then the assumption of a constant OH radical concentration would mean that the derived values of k 2 /k 1 would be upper limits (see Figure S11 ).
The data from the two sets of experiments are reasonably consistent (Table S2) Figure S9 . d See Figure S5 ; four experiments were conducted. e See Figure S10 . f See Figure S6 ; four experiments were conducted. S12 g See Figure S7 ; four experiments were conducted. h For data denoted by open symbols ( ) in Figure S8 , the four irradiations were for 1.5-3 min, with calculated OH radical concentrations of (4.21-4.54) × 10 7 molecule cm -3 . For the three preliminary experiments (filled symbols ( ) in Figure S8 ), irradiations were for 3-4 min, with calculated OH radical concentrations of (2.96-3.15) × 10 7 molecule cm -3 . i See Figure S8 . Table S1 ). Figure S6 . Plot of measured concentrations of CH 3 C(O)CH=CHCHO as a function of the extent of reaction, defined as ln([2-methylfuran] to /[2-methylfuran] t ), in the OH + 2-methylfuran reactions. Each data point is the average measured concentration from a single experiment (see Table S1 ). Figure S7 . Plot of measured concentrations of HC(O)C(CH 3 )=CHCHO as a function of the extent of reaction, defined as ln([3-methylfuran] to /[3-methylfuran] t ), in the OH + 3-methylfuran reactions. Each data point is the average measured concentration from a single experiment (see Table S1 ). Table S1 ). The lines are calculated from the expression [CH 3 C(O)C(CH 3 )=CHCHO] = A{exp(-k 1 t) -exp(-k 2 t)}, where k 1 is the rate of reaction of the 2,3-dimethylfuran, k 2 is the rate of reaction of CH 3 C(O)C(CH 3 )=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), and A was used as an adjustable constant to match the experimental data in the Y-axis. Note that ln([2,3-dimethylfuran] to /[2,3dimethylfuran] t ) = k 1 (t -t o ) since the OH radical concentration was essentially constant and equal for the experiments with the same symbol. , experiments with 2,5-hexanedione initially present in the reactant mixtures and with sampling immediately after the irradiation period; , preliminary experiments (see Table S1 for conditions and Table S2 for the OH radical concentrations during the experiments). Table S2 for the experimental conditions). The lights were turned on at 0 min and off at 45 min, and data obtained after the lights were turned off are also shown. The lines are calculated from the expression [HC(O)CH=CHCHO] = A{exp(-k 1 t) -exp(-k 2 t)}, where k 1 is the rate of reaction of the furan, k 2 is the rate of reaction of HC(O)CH=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), and A was used as an adjustable constant to match the experimental data in the Y-axis. A constant OH radical concentration was assumed, with ln([furan] to /[furan] t ) = k 1 (t -t o ). Table S2 for the experimental conditions). The lights were turned on at 0 min and off at 33 min, and data obtained after the lights were turned off are also shown. The lines are calculated from the expression [CH 3 C(O)CH=CHCHO] = A{exp(-k 1 t) -exp(-k 2 t)}, where k 1 is the rate of reaction of the 2methylfuran, k 2 is the rate of reaction of CH 3 C(O)CH=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), and A was used as an adjustable constant to match the experimental data in the Y-axis. A constant OH radical concentration was assumed, with ln([2methylfuran] to /[2-methylfuran] t ) = k 1 (t -t o ).
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Time ( S23 Table S4 . Ratios of (molar yield of unsaturated 1,4-dicarbonyl)/(molar yield of 1,2-dicarbonyl co-product) calculated using the data presented in Table S3 Taking into account the measured formation yield of the other unsaturated 1,4-dicarbonyl (see Table S3 ), which may be a lower limit.
For example, for OH + m-xylene, the co-products to methylglyoxal (51.5% measured yield) are CH 3 
